its relatives from somatic tissue cultures has long been sought. Unlike such easily regenerable species as to bacco and petunia, soybean has resisted prior attempts to regenerate whole plants from somatic tissues. Such methods are very desirable in allowing the induction of desirable traits into soybean or species capable of breed ing therewith (such as G. soja) via somaclonal variation. Such methods would also be of bene?t to genetic engi neers in allowing transformation of cells by infection with Agrobacteria or by other means resulting in trans formed cells in culture containing foreign (heterolo gous) DNA which could then be regenerated into whole plants bearing seed and expressing foreign genes.
Few methods for regenerating Glycine subgenus soja (comprising G. max (soybean) and G. soja) have been developed, although greater success has been achieved with wild relatives such as G. canescens and G. clandes tina. See P. A. Lazzeri, et al. (1985) "A Procedure for
Plant Regeneration from Immature Cotyledon Tissue of Soybean," Plant Molecular Biology Reporter Vol. 3, No. 4, 160-167, and D. F. Hildebrand, et a1. (1986) "Soybean [Glycine max (L.) Merr.]," Biotechnology in Agriculture and Forestry Vol. 2: Crops I (Y. P. S. Bajaj, ed.) 283-308. Most manipulations of Glycine species described in the literature involving embryogenesis provide a basal medium containing an auxin as an induction medium for the development of embryoids. After embryo forma tion, the embryos may be moved to a maturation me dium and then to a medium containing cytokinin and reduced auxin for shooting. However the desirability of using NAA in high concentrations or synergistically lowered concentrations of carbohydrates and auxins has not previously been recognized as an aid in attaining high frequencies of normal somatic embryos. Further, speci?c cotyledonary cells giving rise to somatic em bryos in media containing any auxin have not been identi?ed and isolated so as to provide high efficiency in a regeneration method of G. max or other Glycine species. dichlorophenoxyacetic acid) and/or NAA (alpha-naph thaleneacetic acid) and 2% sucrose to culture hypo cotyl or mature cotyledon tissues or apices, or embryos, of G. max and several related species, Beversdorf, et a1. H. Saka, et al. (1980) , "Stimulation of Multiple Shoot
Formation on Soybean Stem Nodes in Culture," Plant Sci. Lett Vol. 19, [193] [194] [195] [196] [197] [198] [199] [200] [201] , similarly describe the forma tion of shoot-buds on stem nodes or apices of G. max using a culture medium containing the auxin IBA and 3% sucrose or other carbohydrate. This work did not involve the use of somatic tissues, but rather used tissues normally competent to produce shoots to evaluate the effectiveness of various media for producing growth. Whole plant regeneration was not reported. T. Kameya, et a1. (1981) , "Plant Regeneration from Hypocotyl Sections of GlYcine Species," Plant Sci. Lett., Vol. 21 289-294, disclose the useof hypocotyl sections of G. canescens and G. tomentella cultured on MS medium supplemented with NAA and BA (6-ben zylamino purine) at various concentrations to regener ate normal plants. From the eight species tested includ ing G. max and G. soja regeneration of shoots at high frequency was observed only from hypocotyl sections of G. canescens using 1-5 mg/l BA and 0.1 to 2 mg/l NAA. Whole plants were regenerated.
G. C. Phillips, et a1. (1981) , "Induction and develop ment of somatic embryos from cell suspension cultures of soybean," Plant Cell Tissue Organ Culture, Vol. 1, 123-129 reported obtaining a single shoot from an em bryogenic G. saja suspension culture. Various auxins were evaluated in combination with basal L2 and SL2 media, including NAA at 0.1 to 13.4 uM (approxi mately 0.02 to 2.7 mg/l). Sucrose concentrations from 2.5% to 12.5% were used. The single shoot obtained came from a G. soja culture grown on an SL2 medium containing 2.25 uM 2,4-D (0.45 mg/l), and transferred to an L2 medium containing the same amount of 2,4-D, plus cytokinin, antiauxin and gibberellin biosynthesis inhibitor.
K. K. Kartha, et al. (1981) pieces of the embryonic axis of G. max using as an embryo induction medium MS (Murashige and Skoog) medium with the nitrogen salts therein replaced by 20 uM ammonium citrate and also containing 5 mg/l 2,4-D or 1AA (indole-3-acetic acid). This reference discloses that the nitrogen substitution was critical to the method.
Only one exceptional piece of tissue formed embryos.
This, therefore, may have been an accidental and non reproducible event, and in fact the literature does not report this work having been successfully repeated.
Transfer of the embryoids to a medium containing 0.005 mg/l IBA and 0.2 mg/l BA gave rise to shoot forma tion. Transfer of the shoots to a basal medium contain ing 0.1 mg/l IAA resulted in root formation to produce plantlets. US Pat. No. 4, 548, 901 to Christianson, et al. is based on the above described work and claims an improve ment in a method for producing a morphogenetically competent plantlet regeneration culture wherein ex plants of a large-seeded legume plant are successively cultured and selectively transferred, comprising cultur ing in a medium containing exogenous auxin and ammo nium salt, said medium being free of nitrate ion. This patent also claims a method for generating legume bipo lar embryoids which comprises several culturing steps including the use of the medium containing exogenous auxin and an ammonium salt, said medium being free of nitrate ion. The examples of this application are as de scribed in the above article except that the mention of rooting is couched in the present tense, apparently indi cating that rooting had not been achieved at the time of ?ling the patent application. .1. M. Widholm, et al. (1983) , "Shoot Regeneration from Glycine canescens Tissue Cultures," Plant Cell Reports, Vol. 2, [19] [20] , report shoot induction from calli obtained from cotyledons and hypocotyls of G. canesc ens using several media including media containing 0.5 mg/l NAA and 3% sucrose. Whole plants were not regenerated, and root formation was infrequent.
O. L. Gamborg, et al. (1983) , "Somatic Embryogene sis in Cell Cultures of Glycine Species," Plant Cell Reports, Vol. 2, 209-212, report somatic embryogenesis from cell suspension culture of hypocotyl tissue in sev eral Glycine species including three cultivars (out of seven tested) of Glycine max. The embryoid induction medium consisted of the major salts of SL, the micronu trients and vitamins of B5, 10 mg/l casamino acids, 15 pM adenine sulfate, 0.2 uM Picloram (0.04 mg/l) and 0025-0025 uM AMO 1618. It was discovered that picloram was most effective for embryoid induction but that it could be replaced by 0.5 to 2.0 p.M 2,4-D (0.1 to 0.4 mg/l). No embryoids were induced when NAA was used as the auxin. After embryoids were induced they were transferred to an SL growth medium containing cytokinins. Roots, but no shoots were formed.
European Patent Application No. 851093443 by Sun gene Technologies Corp., published Feb. 19, 1986, dis closes a process for regenerating soybeans comprising the use of four separate media, an embryoid inducing medium, an embryoid maturation medium, a shooting medium, and a rooting medium. The embryo induction medium is disclosed as containing 0.5 to 10 mg/l 2,4-D or 1.0 to 3.0 mg/l IAA plus 3.0 to 10 mg/l 2,4-D and 2% to 3% sucrose. The examples do not de?nitely disclose that root formation was attained; the claims are directed to "plantlets."
B. J. Li, et al. (1985) , "Somatic embryogenesis and plantlet regeneration in the soybean Glycine max",
Plant
Cell Reports, Vol. 4, 344-347, report that they ob tained plantlets from single cells taken from immature soybean embryos. It is disclosed that it is necessary to ?rst freeze the pods in liquid nitrogen then transfer them to a 60 degree C. water bath for 20 minutes. The immature embryos are dissected and cut into small seg ments for culturing. The ?ltering techniques used to obtain single cells from the cultures thus produced were reported as 95% effective. The embryo induction me dium contained 2% sucrose and l to 2 mg/l 2,4-D. The regeneration of plantlets was described, but no regener ation of whole plants was reported. Applicants herein have attempted to repeat this work without success, as the freezing and rewarming of tissue kills it or destroys its ability to grow further. B. Lippmann, et al. (1984) Mar. 16, 1986 , at page 59 and following, discloses the culturing of whole immature embryos to produce embryogenic calli. The media described contained 3% or more carbohydrate and up to 12 mg/l NAA.
H. R. Kerns, et al. (1986) Regeneration of transformed Glycine species plants has not been previously reported, however, several articles discuss Agrobacterium-Glycine interactions.
H. C. Pedersen, et al. (1983) , "Induction and in vitro culture of Soybean Crown Gall Tumors," Plant Cell Reports, Vol. 2, [201] [202] [203] [204]  
SUMMARY OF THE INVENTION
A method for producing embryos from somatic tis sues is provided comprising excising cotyledon tissue from immature embryos of Glycine species preferably with embryonic axes removed therefrom. Preferably, the Glycine species used is soybean (Glycine max) or Glycine soja which crosses readily with Glycine max, and most preferably the Glycine species is G. max.
The method of somatic embryogenesis described herein is useful for regenerating whole plants from so matic tissues of soybean and other Glycine species. The In one embodiment of this invention, the cotyledon tissue is cultured on a medium having a high auxin concentration of an auxin from the NAA family. The NAA family is defined herein to include IAA (indole-3 acetic acid), IBA (indole-3-butyric acid), and NAA (alpha-naphthaleneacetic acid). The NAA concentra tion is preferably at least about 15 mg/l and may be up to at least about 30 to 50 mg/l. The medium should also contain a carbohydrate, preferably selected from the group consisting of sucrose, glucose, fructose, maltose, galactose and xylose, and mixtures thereof, more prefer ably sucrose, at a concentration of about 3% or less.
In a second embodiment of this invention, a synergis tic combination of lowered auxin and lowered carbohy drate may be used for embryo induction. The auxin may be from the NAA family or from the 2,4-D family. The 2,4-D family is defined herein to include 2,4-D (2,4 dichlorophenoxyacetic acid), Picloram (Dow Chemical Co.) (4-amino-3,5,é-trichloropicolinic acid), pCPA (parachlorophenoxyacetic acid), 2,4,5-T (2,4,5-tri Efficiencies of embryogenesis have been found by appli cants to be inversely proportional to carbohydrate con centration, and it was surprising to find that when auxin concentrations were lowered, embryogenesis efficiency did not generally suffer, but in some cases was im proved.
The use of NAA has been found to produce more regenerants having normal morphology than 2,4-D.
NAA or an auxin of the NAA family is thus preferred.
In this second embodiment, the carbohydrate (of the types discussed above) should be present at a lowered concentration, preferably about 2% or less, and more preferably about 1.5% or less. A preferred medium comprises about 12.5 mg/l NAA and about 2% sucrose.
Another preferred medium comprises about 10 mg/l When the embryo induction medium contains an NAA-type auxin, or when the medium contains a 2,4-D type auxin and the tissue is placed adaxial to the me dium, the cotyledon portion containing the "fertile cres cent" is the particularly embryogenic portion. The "fer tile crescent" is defined with reference to FIG. 1. Vari ability from cotyledon to cotyledon prevents defining this portion in terms of exact measurements; however, this portion will be readily evident to the skilled worker for excision from the cotyledon tissue.
When the embryo induction medium contains a 2,4-D type auxin, and the tissue is placed abaxial to the me dium, the cotyledon portion containing the "fertile oval" is the particularly embryogenic portion. Again, the exact measurements of this portion will vary, but will readily be identified and taken from the cotyledon tissue by the skilled worker.
The use of NAA and tissue including the "fertile ' crescent" is preferred because, among other things, this combination provides the highest efficiency of regener ation of normal plants with embryos more frequently arising from single somatic cells (as opposed to groups of cells).
To ensure maximal contact of the tissue with the regeneration medium (and in transformation processes, with the foreign DNA being used), the tissue is macer ated. Maceration is de?ned herein as a process of wounding the cellular tissue throughout so as to allow maximal contact of wounded tissue with the medium on which the tissue is to be placed, yet preserve a tissue environment for the cells. In the transformation process, maceration of the tis sues is preferred prior to contact with the foreign DNA to ensure maximal contact of the cells with the DNA.
Following contact of the tissues to be transformed with the foreign DNA, the tissues are cultured on selec tion media, all as known to the art. Suitable selection media comprise antibiotics known to the art such as kanamycin, G418, or hygromycin, to which resistance has been conferred to the transformed cells by a corre sponding resistance gene. Similarly, any selection media used, and antibiotics used to destroy the Agrobacteria once transformation has occurred should be used in concentrations sufficient to accomplish their purpose, but low enough so as not to kill the sensitive Glycine tissue. This is especially im portant with respect to soybean. Antibiotics useful for destroying Agrobacteria are known to the art, and in clude cefoxitin, cefotaxime, and carbenicillin.
After Several embryo induction protocols have been used by applicants to induce somatic embryos and obtain regenerated Glycine plants. A useful protocol for em bryogenesis induction is given in P. A. Lazzeri, et al.
(1985) supra, incorporated herein by reference. The conditions specified therein are used in the following description unless otherwise specified.
The somatic tissue used herein when it is desired to regenerate wild Glycine species may be stem segments, leaf sections, vegetative tissue of immature flower buds, hypocotyl, or other tissues capable of being maintained in culture. Any suitable regeneration medium known to the art may be used. Many basal media useful in the regeneration medium are known to the art, such as SL, B5, L2 medium, and MS medium. A preferred medium is MS medium. The basal medium should contain an auxin such as an auxin from the NAA or 2,4-D family.
For purposes of practicing the inventions claimed herein, auxins of similar potency and operational prop erties to NAA are considered to be in the NAA family and equivalent to NAA. Also, auxins of similar potency and operational properties to 2,4-D are considered to be in the 2,4-D family and equivalent thereto.
When soybean (Glycine max) or Glycine soja are being regenerated, the somatic tissues used are 'preferably cotyledons from immature embryos. Preferably, the seeds containing the immature soybean embryos are between about 2.0 and about 8.5 mm preferably be tween about 3.0 and about 5.0 mm in length. G. soja seeds at comparable maturities are smaller. Preferably, the embryonic axes are removed from the cotyledons, and/or the cotyledons are otherwise wounded. Re moval of the embryonic axes insures the somatic nature of the tissue. Test results presented herein show higher embryogenesis frequency when embryonic axes are removed. Dissecting the cotyledons into several pieces, preferably into halves or quarters will also increase 11 embryogenesis frequency. Maceration of the tissues will greatly increase ef?ciencies.
To be most useful in transformation protocols, the somatic embryos formed should arise from single cells rather than from groups of cells. This will insure that all tissues of the plant regenerated from the single embry onic cell, including the germ cells, will contain the foreign DNA. _ For this reason the most embryogenic portions of the cotyledons were identi?ed, as shown in FIG. 1. As detailed in Example 17, to obtain maximal normal em bryos on NAA media, peripheral regions of the cotyle dons containing the "fertile crescent" should be used, and the tissue should be placed abaxial to the medium.
When 2,4~D is used, regions of the cotyledons contain ing the "fertile oval" can be used, and the tissue should be placed abaxial to the medium. Preferably, however, for a greater number of normal embryos, the tissue should be placed adaxial to the 2,4-D medium and the "fertile crescent" region should be used. Because the NAA provides more "single cell events," that is em bryos arising from single cells rather than from clusters of cells, and more normal morphology of regenerated plants, the use of this auxin is preferred, with selection of "fertile crescent" portions of the cotyledon. The embryogenic cells in the identi?ed "fertile" regions are still actively dividing and have not yet differentiated such that they behave like cotyledon cells rather than embryo cells. Preferably a number of cotyledons or portions thereof are placed on a conveniently sized piece of mesh, such as 2 cm2 square, which generally accommo date about 20 cotyledons per square. Stainless steel mesh is preferred as providing higher frequency of embryogenesis, although nylon and other suitable, non toxic materials may also be used. Bronze mesh appears to be toxic to the tissue and is not recommended. The cotyledons may be pushed partly or completely through the mesh, and although it is not necessary, it is convenient to push them partially through the mesh and keep them in the mesh for transference to the medium. To further enhance embryogenesis ef?ciency, a weak electric current, such as about 2 PA, can be run through the mesh when conductive (e.g., stainless steel) mesh is used.
The somatic tissues may ?rst be cultured on a me dium allowing a degree of dedifferentiation. Such media are known to the art, described for example in J. P. Ranch, et al. (1985) , supra. Preferably, however, the tissues are placed directly on the embryogenesis (em bryo induction) medium. When "fertile crescent" or "fertile oval" regions are included in the tissue as de The embryo induction media used in this invention for regeneration of soybean and G. soja is a basal me dium known to the art, containing auxin. The basal medium is preferably MS medium supplemented with B5 vitamins, a carbohydrate source, preferably a sugar such as glucose, sucrose, maltose, galactose, fructose, or xylose, and solidifying agent such as Phytoagar (a trade mark of Gibco Company), agar adapted for plant growth or Gelrite (a trademark of Merck & Co., San Diego, Calif.) gellan gum culture medium. The auxin is preferably of the NAA family, and more preferably is NAA. In one embodiment of this invention, NAA is used at concentrations between about 15 mg/l and at least about 30 mg/l to about 50 mg/l. When such high , auxin levels are used, carbohydrate concentrations may be as high as about 3% to about 6%. In view of previous generally unsuccessful attempts to use NAA for somatic embryogenesis of soybean, it is surprising to ?nd it produces a higher ef?ciency of normal embryos at these high concentrations than optimal amounts of 2,4-D, the auxin most successfully used in prior art methods. (Ap plicants have found that at 5-10 mg/l 2,4-D produces high embryo ef?ciencies. Above about 10 mg/l, 2,4-D has been found to produce high levels of undesirable soft, friable callus.)
In another embodiment of this invention, NAA at lower concentrations (about 10 mg/l or less) in a syner gistic combination with carbohydrate at less than about 2%, preferably about 1.5%, has been found effective.
NAA at concentrations up to as high as 50 mg/l have been found to produce normal embryos at high ef? ciency. NAA at lower concentrations (about 10 mg/l) with lowered carbohydrate has been found to produce more embryos derived from single cells, as opposed to groups of cells, than 2,4-D.
When lower auxin concentrations are used, carbohy drate concentration is preferably at most about 2%, even more preferably at most about 1.5%. Most prefera bly the carbohydrate concentration is at most about 1%, with concentrations at most about 0.5% also being ef fective. Surprisingly, it has been found that ef?ciency of production of normal embryos decreases when carbo hydrate concentration increases, and that there is a synergistic effect between lowered auxin concentration and lowered carbohydrate concentration. When low levels .of carbohydrate are used, e.g. about 0.5% su crose, the most normal embryos are obtained at all auxin concentrations tested (up to 50 mg/l) but high levels of ef?ciency are produced even at relatively low auxin levels (6.25 and 12.5 mg/l NAA), and generally ef? ciency of production of normal embryos goes down as carbohydrate level goes up at each auxin concentration, with the highest ef?ciency of normal embryos being produced at 6.25 mg/l NAA and 1.0% sucrose. Prefera bly, the auxin concentration is at least about 5 mg/l, and the carbohydrate concentration is less than about 2%.
Gelrite gellan gum as a gelling agent at about 0.2% is also preferred in the medium. It is preferred that the pH of the medium be between about 5.0 and 7.0, and more preferably, at most about 5.8 if the medium is unbuf fered. If the medium is buffered, it is preferred that the pH be at least about 5.8.
The embryonic culture is preferably placed under low intensity lighting. It is preferred that the light inten sity be less than about 80 microEm-2s-l (micro Ein steins per square meter per second), and more prefera bly at most about 10 microEm-2s-1. The culture may be grown in constant light or the embryogenesis may take place in darkness, but preferably, a 16 hour photo period is used. Lamps such as Grolux (a trademark of Sylvania Co.) broad spectrum light source having higher emissions in the blue (430-490 nm) and red (630-680 nm) wave bands are preferred to cool white lamps.
The tissues may be subcultured, but this is not neces sary. Once the embryos have formed, e. g. after about 15 to 30 days, they may be moved to a separate maturation medium, but preferably are kept on the embryogenesis medium until mature, i.e. at about 30 days, or when at least about 2.5 mm long. The procedures of PA. Laz zeri, et al. (1985) supra may be followed.
A shooting medium containing cytokinins known to the art is used to culture the mature embryos. Examples of cytokinins are ADE (adenine sulfate), KIN (6 furylaminopurine), BA (6-benzylaminopurine) also Gelrite gellan gum or 0.6% phytogar Phytoagar agar adapted for plant growth, 1 mg/l IAA, 9 mg/l couma rin, pH 5.9 (before autoclaving). The best rooting took place in the growth chamber under 23 hour day length (100 microl-lm-zs-l at 20° C. and humidity 60%). Pref erably the plantlets are grown in isolated containers such as Magenta (trademark of Magenta Co.) sterile clear plastic boxes containing 100 ml rooting media.
Light conditions are known to the art, but preferably a 23 hour photoperiod using 50-100 microEm-zs-l Gro lux broad spectrum light source or cool white fluores cent lamps is used.
When the plantlets have well-developed root sys tems, they are preferably transferred to pots containing sterilized (e.g. autoclaved or microwaved) potting mix. Preferably, such a potting mix comprises 2:2:1 soil; The tissue should be plated onto a regeneration me dium, such as an embryogenesis medium as above de scribed, or an organogenic medium. Preferable organo genesis media are: (1) MS salts, B5 vitamins, 3% su crose, 500 mg/l casein hydrolysate, or 500 mg/l gluta mine, 0.5 mg/l NAA, 2.0 mg/l BA (6-benzylaminopu rine), 1.0 mg/l kinetin, 0.6% Phytoagar agar adapted for plant growth, at pH 5.9 before autoclaving; or (2) MS salts, B5 vitamins, 3% sucrose, 500 mg/l casein hydrolysate, 0.15 mg/l NAA, 0.33 mg/l 6-BA, 0.33 mg/l kinetin, 0.33 mg/l zeatin, 0.6% Phytoagar agar adapted for plant growth, at pH 5.9 before autoclaving.
Preferably about 20 to 30 pieces of tissue are placed on each plate, and the material is then preincubated, prefer ably for about l-2 days. Each explant is then inoculated with an Agrobacterium suspension containing a suffi cient concentration so as to effectively infect the tissue without killing it, preferably about 0.5 to 1.0 ul of a resuspended overnight culture of Agrobacteria as dis cussed below. If higher concentrations of Agrobacteria are used, or if the explants are dipped into the bacterial solution, the Agrobacteria will overgrow and kill the explants. The explants are allowed to grow in the pres ence of the Agrobacteria for several days, e.g. about 1 to about 3 days, then transferred to a regeneration me dium as described above which also contains an antibi otic, preferably Mefoxin at a concentration of about 500 mg per ml, to kill off the Agrobacteria. The putatively transformed material is then transferred to a regenera tion medium as described above, which may also con tain a selection agent corresponding to the selectable marker used in transforming the tissue. Preferably the selection agent is kanamycin, or an analog such as, G418, which will select for transformed tissue carrying a kanamycin resistance (neomycin phosphotransferase II) gene. Kanamycin or G418 are preferably used at a level sufficient to select for transformed tissue without killing it, preferably at about 50 to 300 pg kanamycin per ml, or about 10-50 ug/ml G418.
The transformed explants are then allowed to regen erate as described above. Preferably, they are subcul tured at biweekly intervals on a regeneration medium containing the antibiotic and selection agent, until shoot apices are formed, then transferred to appropriate shooting, rooting and soil media.
Transformation of Glycine max and G. soja may be performed as described above, except that immature cotyledon tissue is used also as described above relative to the discussion of somatic embryogenesis. Preferably the cotyledon tissue has the embryonic axes removed before infection with the Agrobacteria, and more pref erably, is macerated as described above, and appropri ate embryogenic portions of the tissue are used. Under these preferred conditions, it is not necessary to culture the tissue on dedifferentiation media to form callus be fore infection. The cotyledons are preferably plated in pairs at a rate of about 10 per 100 mm dish, and are preferably inoculated immediately with Agrobacteria, although inoculation may be delayed several days, if necessary, depending on the genotype being trans formed. See Example 21.
The embryogenesis media upon which the cotyle dons are plated for transformation may be any embryo genesis media known to the art, such as the media de~ scribed above containing high auxin concentrations preferably using auxins of the NAA family, or synergis tic combinations of low carbohydrate and lowered auxin concentrations. After the cotyledon tissue has been allowed to grow on the embryogenesis medium in the presence of the bacteria for sufficient time to effect transformation, it should be transferred to fresh embry ogenesis media containing antibiotics to kill off the bacteria, preferably about 200 to about 500 mg/l, and most preferably about 500 mg/l, Mefoxin (Cefoxitin), Claforan, cefotaxime or carbenicillin. A selection agent such as kanamycin or a kanamycin analog such as G418, or hygromycin, to select for transformed somatic em bryos may also be used. For selection, preferable levels in agar of G418 are about 10 mg/l and of kanamycin are about 50 mg/l. When Hygromycin is used, about 2 mg/l is preferred. Gel-rite gum is a preferred gelling agent however, as it appears to provide less stress to the tis sues. Tissues are co-cultivated with Agrobacteria for a time sufficient to ensure transformation of a maximum number of cells, but not so long as to cause inordinate tissue death, preferably between about 1 and about 3 days, and most preferably about 1 day.
Because of the possibly adverse effects of selection agents on soybean tissue, and/or possible adverse ef fects of selectable marker genes such as NPTII on trans formed soybean plants, it is most desirable to perform the transformation process without using selection agents. Because of the low regenerability of G. max as compared with model systems such as tobacco, the numbers of soybean regenerants will not be overwhelm ing, and because the maceration procedures described The cultures are preferably subcultured about every 28-30 days onto embryogenesis media plus antibiotics (with or without selection agents) until the somatic embryos are formed, then transformed to shooting me dia, rooting media and potting mix as described above. The cultures should be maintained with antibiotics and if selection agents are being used, they should be contin ued.
The Agrobacteria containing the vector to be used to insert foreign genes into the plant tissue are cultured by means known to the art, preferably by growing on a plate of appropriate medium, preferably YEP medium (10.0 g/l yeast extract, 10.0 g/l peptone, 5.0 g/l NaCl, 15 g/l agar, at pH 7.0), containing selection agents at about 28 degrees C. The marker used in the vector may be a kanamycin resistance gene, and the selection agent would therefore be kanamycin or G418. The marker may be any marker known to the art, and the medium will be adjusted accordingly to select only for Agrobac teria carrying the vector.
Agrobacterium colonies are scraped off the medium and suspended in appropriate media such as YEP broth or minimal medium. Preferably about 25 to 50 colonies are suspended per 1.5 ml of medium. After overnight suspension, a loop of the material is streaked out onto an appropriate medium, such as YEP medium containing the appropriate antibiotics, to give single colonies. A single colony is used to inoculate about 25 ml of the appropriate broth medium, again preferably YEP, con taining appropriate antibiotics. The culture is grown overnight at about 28 degrees C., preferably in a shak ing water bath. The cultures are spun down to harvest the cells, which are resuspended in broth or minimal medium. About 0.5 to 1.0 ul of this resuspended over night culture is used to inoculate the plant tissue to be transformed, as described above. The culture solution used to inoculate the plant tissue should contain a rela tively low concentration of Agrobacteria, preferably no more than about 104 to 108 organisms per ml, and more preferably no more than about 106 organisms per ml.
Methods for transforming Agrobacteria, and vectors for doing so are described in detail in many references, see, e. Mol. Biol. Reporter, 3 (1985) 160). Brie?y, plants were grown in pots in a greenhouse, with natural light sup plemented with 13 hours arti?cial (high pressure so dium) light during winter months. Pods containing seeds of length 4.0+ 1.0 mm were surface-sterilized by 30 sec immersion in 70% isopropyl alcohol, followed by 10 min in 25% Chlorox bleach and then two rinses in sterile water. Pods were opened and embryos isolated from the immature seeds.
Media, Culture Conditions
The basal medium consisted of MS salts (T. Mura shige and F. Skoog, Physiol. Plant, 15 (1962) For assessment, embryos with distinct root and shoot poles and at least one defined cotyledon were classed as "normal, while embryos lacking distinct shoot poles, without cotyledons or with fused cotyledons were classed as "abnormal Bipolar structures fused to paren tal cotyledon tissue were not scored unless a distinct shoot apex was present, in which case they were classed as abnormal embryos.
A minimum of 60 embryos was cultured per treat ment, and generally; 100 embryos were used per treat ment.
The effects of hormones on somatic embryogenesis efficiencies were investigated as shown in Table l Lippman, et al. (1984) , supra), 5 mg/l (J. P. Ranch, et al. (1985) , supra), 10 mg/l, (Table 1 hereof) ). These discrepancies may Lippman, et al., (1984) , supra) and often require ex tended periods of incubation (P. A. Lazzeri, et al. (1985) , supra) or complicated cultural manipulations (J.
P. Ranch, et al. (1985) , supra), for germination. The consensus of other studies (W.D. Beversdorf, et al. (1977) , supra, M. L. Christianson, et al. (1983) , supra, B.
5,024,944
. 21 Lippman, et al., (1984) , supra, J. P. Ranch, et al. (1985) , supra, U. B. Barwale, et al. (1986) , supra) supports these observations, with the reservation that other workers have been unable to produce viable embryos on both NAA and 2,4-D media (B. Lippman, et al., (1984) , su pra, U. B. Barwale, et'al. (1986) , supra): so the present study is the only one in which comparisons have been made under the same experimental conditions.
In the present study, elevated NAA concentrations gave the highest yields of normal embryos, while high concentrations of 2,4~D gave very low yields of normal embryos. In contrast, Ranch et a1. (1985) , supra found that embryo normality increased at high 2,4-D concen trations. The two studies differ in that the former obser vations are based on primary cultures, while the latter observations were made on secondary cultures previ ously selected for organized growth on 2,4-D. In alfalfa, it has been shown that somatic embryos induced on low 2,4-D concentrations have more normal morphology and seed storage protein pro?les and have a higher frequency of conversion to plantlets than those induced , 1985, p. 59.) . In media containing both 2,4-D and NAA, 2,4-D had the dominant effect on somatic embryo morphology (Table 2) . A combination of NAA and 2,4-D was used previously (W. D. Beversdorf, et a1. (1977) , supra) and abnormal, horn-shaped embryos were reported. In the work here, ABA modified the morphology of 2,4-D induced embryos (Table 2) , making their cotyledons leaf-like. 23 subculture treatments. In N5 medium normal embryo production was low throughout, while in N10 medium the 15d subculture treatment produced the most normal embryos.
In the two NAA-media tested (N5 and N10), subcul ture frequency had little effect on embryogenesis, and efficiency levels were consistently lower than those obtainable with high NAA concentrations (20-30 mg/l). These data suggest that auxin depletion is not a factor limiting embryogenesis, but that a steep auxin gradient between the medium and the explant is desir able. Soybean cotyledon tissue has a high diffusive resis tance (R. M. Gifford and J. H. Thorne (1985) Plant Physiol. 77:863), so a high external auxin concentration may be needed for concentrations to develop within the explant.
In a later study in which cultures were initiated on medium containing 10 mg/l NAA, it was found that about a 7-day rather than a 30-45 day total exposure period was preferred. Decreasing the exposure time to about a week approximately doubled the number of embryos produced and these were healthier and had a higher respiration rate. It appears that 2,4-D's properties of high productivity and abnormal morphology induction may not easily be separated.
Among the 2,4-D to NAA transfer treatments embry ogenesis efficiency increased with length ofexposure to 2,4-D from 1d to 5d and then decreased at 10d. [In this experiment the embryogenesis frequency in the D5 30d treatment was lower than routinely expected from iso lated cotyledons on this medium, although the mean embryo number was quite typical.] The frequency of normal embryos was highest in treatment D5 30d and lowest on D5 10d. The single NAA to 2,4-D treatment gave the lowest ef?ciency value and like the D5 30d treatment yielded no normal somatic embryos. Root production was reduced by the presence of 2,4-D dur ing more than 10d of the culture period, while callusing showed a positive correlation with length of exposure to 2,4-D.
In a second "transfer" experiment cultures were initi ated on N10, N20 or N30 medium and were then trans ferred to fresh N10 medium after 5, 10 or 15d, or were left on the original medium throughout the 30d culture period. Embryogenesis frequency was similar among all 
Somatic Embryogenesis
The effects of either initial culture on high concentra tions of NAA (20 or 30 mg/l), or of various periods on 5 mg/l 2,4-D, before transfer to "standard" medium (10 mg/l NAA) were investigated. Isolated cotyledons were cultured according to the methods set forth in Example 1. The results are set forth in Table 5 . Both J 103 and McCall were tested, giving similar results.
Data from J 103 only is given.
The efficiency of somatic embryogenesis on NAA medium was increased by 3 or 5d preincubation on 2,4-D medium, but this increase in embryo production was, with the exception of the 2,4-D 1d treatment, ac companied by a reduction in normal embryo frequency. 4.48-5.00) than N10 medium (mean 3.62, range 3.05-4.12), and the N30 30d treatment induced most normal embryos (40.5%). The time of incubation before transfer had no consistent effect on embryogenesis effi ciency. Differentials between the three levels of NAA concentration were more marked than in the experi ment summarized in Table 3 . However, the highest frequency of normal embryo production again occurred on N30 medium. Both root and callus production were stimulated by elevated NAA levels. Other studies have reported similar optimal size ranges (B. Lippman, et al., (1984) , supra, J. P. Ranch, et a1. (1985) , supra, U. B. Barwale, et a1. (1986) , supra), but it is not possible to make direct comparisons because of differences in the genotypes and growth environments used. The influence of genotype on somatic embryogenesis was examined in 17 maturity-group 00 soybean cultivars and one group IV genotype, PI 408.294A. The proce dures of Example 1 were followed using whole em bryos. Embryos were cultured on the ?rst 12 media of Table 1 ; data pooled over all media are presented in Table 7 . Data for .1103 is similar to that of McCall and is not given.
Of the seventeen soybean genotypes compared, all but one, cv Agate, yielded embryogenic cultures (Agate was, however, responsive in later experiments). There was considerable variation among genotypes in both embryogenesis frequency and mean embryo number; the most productive cultivar (Ogemaw) had an ef? ciency value more than six times that of the least pro~ ductive (Acme). Despite this variation in somatic em bryo production, the gross morphology of the process appeared identical over all genotypes, although there was variation in the proportion of normal to abnormal somatic embryos.
Throughout these experiments, donor plants were Lippman, et al., (1984) , supra, J. P. Ranch, et al. (1985) , supra, U. B. Barwale, et a1. (1986), supra) . Although yet other studies do report genotype effects, these may result from the use of sub-optimal conditions for embry ogenesis (W.D. Beversdorf, et a1. (1977) , supra, U. B. Barwale, et a1. (1986) , supra). A negligible genotype effect on regenerability has major implications for the application of the system in soybean improvement (D. F. Hildebrand, et a1. (1985) , supra), in that regeneration protocols should be directly applicable to elite soybean breeding lines. Gamborg, et al. (1968) , supra) and L2 (G. C. Phillips and G. B. Collins, Crop Sci., 19 (1979) 59) were compared with the standard MS salts. Supple ments of ammonium nitrate (1.65 g/l) or glutamine and methionine (8.5 g/l and 1.5 g/l) were tested in B5 salts, and casein hydrolysate (Difco enzymic digest, 0.5 g/l)
was tested in MS salts. Results are set forth in Table 8 .
In a second experiment, investigating the effects of supplementary nitrogenous compounds, a range of amino acids and polyamines was compared using both
McCall and .1103 genotypes. Results were similar for both genotypes, and data from McCall only is given.
Results are set forth in Table 9 . Glutamine, methionine, proline and arginine were all supplied singly at 20 mM; glutamine and methionine were supplied in combina tion, each at IOmM; the polyamines spermine, spermi dine and putrescine were supplied singly at 1 mM; and casein hydrolysate was supplied at 0.5 g/l. With the exception of casein hydrolysate all compounds were added as ?lter-sterilized solution (pH 5.5) to cooling medium. When M5, L2 and B5 salts were compared (Table 8) , embryogenesis ef?ciency was markedly lower on the last composition. Supplementing B5 salts with extra reduced nitrogen, either in the form of NH4NO3, or of glutamine and methionine, raised the embryogenesis ef?ciency to a level comparable to that of MS or L2 media, with the amino nitrogen supplement being most effective. The addition of amino nitrogen, as casein hydrolysate, to MS salts increased the mean embryo number and raised embryogenesis efficiency in compar ison with unsupplemented medium. The effects of sup plementary nitrogen compounds were further investi gated in the experiment shown in Table 9 . In this study, when supplied at 20mM in N10 medium (MS salts, 10 mg/l NAA) four amino acids and casein hydrolysate (0.5 g/l) all depressed embryogenesis to varying de grees. Similar results were observed in media contain ing polyamines (at 1 mM). The frequencies of normal embryos were also depressed in supplemented media. Variation in embryogenic response appeared to be exag gerated in supplemented media, and with two particular supplements, the polyamines spermidine and putrescine, extremely proli?c cultures, bearing numbers (5-15) of normal embryos were occasionally produced. An effect of some compounds, notably proline, glutamine and casein hydrolysate, was to increase chlorophyll levels and to induce the leaching of dark-pigmented com pounds which may have been phenolics into the me dium. The latter effect was most pronounced in PI 408.294A. (Table 8) . Embryo genesis ef?ciency on B5 Salts, containing 2.0 mM NH4+ was less than half that on L2 or MS Salts, which contained 12.5 and 20.6 mM NI-M-+ respectively. Either inorganic (NH4NO3) or organic (Gln. +Met.) reduced nitrogen supplements were able to "restore" embryo genesis ef?ciency in the de?cient B5 medium, but the amino-nitrogen supplement appeared more effective.
The observation that reduced nitrogen promotes soma tic embryogenesis may be explained by a previous re port that immature cotyledons have negligible nitrate reductase activity, although activity was induced by culture on nitrate-containing medium (R. C. Ackerson (1985) , Crop Sci. 25:615). In other studies on soybean somatic embryogenesis, reduced nitrogen has generally been supplied as ammonium nitrate (W.D. Beversdorf et al. (1977 ), supra, B. Lippman, et al., (1984 , supra, J. P. Ranch, et al. (1985) , supra, B. J. Li, et al. (1985) , supra, U. B. Barwale, et al. (1986) , supra) with one exception (M. L. Christianson, et al. (1983) , supra), but the data in this application indicate that under appropri ate conditions, constant levels of auxin and nitrogen will promote complete embryogenesis. '
In the ?rst experiment (Table 8 ), the addition of ca sein hydrolysate (0.5 g/l) to MS medium gave an 80% increase in embryogenesis ef?ciency, largely by increas ing mean embryo number. In the second experiment, however, all supplements (amino acids, polyamines and casein hydrolysate) depressed embryogenesis ef?ciency and reduced the frequency of normal embryos. These inhibitory effects of nitrogenous supplements may have resulted from the particular ammonium ion and supple ment concentrations used. Studies on the effects of amino acids and ammonium on alfalfa somatic embryo genesis (D. A. Stuart and S. G. Strickland, Plant Sci. Lett., 34 (1984) 175) have demonstrated their interac tions to be complex, and have shown that stimulatory or inhibitory effects may result from variation in the con centration of either factor. Several nitrogenous com pounds tested here affected the appearance of embryo-~ genesis intensity of cultures. Glutamine and casein hy drolysate produced deep green cultures, and spermidine and putrescine infrequently produced very proli?c cul tures. At the levels tested, however, no supplement had signi?cant effect on somatic embryo morphology. This ?nding contrasts with the situation in alfalfa where several amino compounds have profound effects on somatic embryo production, morphology and "quality" (D. A. Stuart et al. (1985) , supra), and in carrot which have suggested an involvement of polyamine metabo lism in somatic embryogenesis (A. A. Fienberg, J. H. Choi, W. P. Lubich and A. R. Sung. Planta, 162 (1984) 532). 
Using the general procedures of Example 1, the ef fects of sugar concentration on somatic embryogenesis were investigated in two experiments. In the first, su crose and glucose were compared, each at concentra tions of 1.5, 3.0, 6.0 and 12.0% in N10 medium. Results are set forth in Table 10 . Both McCall and J 103 geno types were tested, giving similar results. Data for J 103 only are presented. In the second experiment, three concentrations of sucrose'(2.5, 5.0 and 7.5%) were tested, in factorial combination with 2.5, 5.0 or 7.5 mg/l 2,4-D using P1 408.294A. Results are set forth in Table  11 .
In N10 medium, embryogenesis efficiency decreased markedly as sugar concentration increased from 1.5 to 12%, (Table 10 ). The remaining parameters of culture response, normal embryo frequency, rooting frequency and callusing frequency all showed similar inhibition by increasing sugar concentration. Culture tissues were less dense on low-sugar media, and somatic embryos tended to appear more translucent. Sucrose and glucose gave similar results throughout, with the exception that glucose was more inhibitory to root and callus forma tion. In each of three 2,4-D media (D25, D50 and D7.5), embryogenesis frequency decreased as sucrose concentration increased from 2.5 to 7.5% (Table 11 ).
There was, however, an interaction between sucrose and auxin concentration in that the optimal 2,4-D level Call the frequency of normal embryos was clearly maxi mal in medium buffered at pH 5.5, whereas in cv. .1103 normal embryo frequencies were similar at pH 5.5 and pH 5.0, although the latter value is suspect as it repre sents one normal embryo from a total of three pro duced. In all unbuffered media, the ?nal (post~culture) pH was 6.0-$0.7, whereas in buffered media the ?nal pH was within 0.05 units of the initial value.
Other soybean somatic embryogenesis studies have used unbuffered media with pre-autoclaving pH values between pH 5.8 and 6.0, which yield post-autoclaving pH values 5.4-5.6 (W. D. Beversdorf et a1. (1977) , su pra, M. L. Christianson, et al. (1983) , supra, B. Lipp man, et al., (1984) , supra, .1.P. Ranch, et al. (1985) , supra, B. J. Li, et al. (1985) , supra. U. B. Barwale, et al. (1986) , supra). A pH of 6.0 was found previously to be optimal for dry weight and protein accumulation in isolated cotyledon culture (.1. F. Thompson, J. T., et al. (1977) , supra). In the present study, ?nal pH was similar in media starting at different pH values and in productive and non-productive cultures. In alfalfa, somatic embry ogenesis has been associated with high intracellular pH (.1. Schaefer (1985 ) Plant Physiol. 79 (1985 584), but no data were presented on the effects of external pH or on medium pH changes. were adjusted to pH 5.0, 5.5 and 6.0 respectively, before autoclaving (their pH values were unchanged after autoclaving). Results are set forth in Table 12 . 60 EXAMPLE 9
Varyin the initial (pre-culture) pH of N10 medium . . . .
between 5H 50 and pH 70 had little consistent effect Effects of Dissection of Cotyledon Tissue on Somatic on embryogenesis efficiency or rooting frequency. In EmbryDgenesls contrast, normal embryo production and callusing were markedly affected by the pH of the medium. Both pa rameters had pH optima of 5.0 or 5.5 and declined at higher pH values. In buffered media, the optimum pH for embryogenesis efficiency was 6.0 for cv. McCall
65
To investigate the influence of the embryonic axis and the effects of various levels of tissue damage on embryogenesis, embryos were subjected to different dissection treatments before culture on N10 medium.
The general procedures of Example 1 were otherwise 5,024,944 . 33 followed. In the ?rst experiment four treatments were compared; 1. whole embryos, 2. cotyledons damage d-two cuts were made, parallel to the long axis of the embryo, passing through both cotyledons and extend ing one third of the cotyledon length from the distal end, 3. axis removed-embryonic axis removed by a single cut through both cotyledons, perpendicular to the long axis of the embryo, three quarters of the way down the cotyledons from the distal end (isolated coty ledons only cultured), 4. embryo bisected-embryo bisected by a single cut through both cotyledons, per pendicular to the long axis of the embryo, half way down the cotyledons (both isolated half'cotyledons and embryo-axis portion cultured). Results are set forth in Table 13 . In the second dissection experiment three levels of tissue damage, whole, halved or quartered isolated cotyledons were compared. Results are set forth in Table 14 . Both McCall and J 103 genotypes Were used for the second experiment. Due to similar results, data for J 103 only is presented. In both the ?rst and second experiments data are presented on a "per embryo" basis.
Two experiments examined the effects of dissection treatments, using N10 medium. The ?rst experiment (Table 13) showed that embryogenesis ef?ciency was increased by dissection (damage) of the embryo explant, and that both constituent parameters of ef?ciency were affected. It appeared that removal of the embryonic axis further increased embryogenesis ef?ciency ("cotyle dons damaged" versus "axis removed" treatments). In the "embryo bisected" treatment, somatic embryos were formed both on isolated cotyledon portions and 30 34 seen with the least tissue damage ("whole embryos" treatment), whereas in the second the normal embryo frequency was highest in the treatment entailing most tissue damage "quartered cotyledons").
Damage or dissection treatments to embryo tissues de?nitely increased embryogenesis ef?ciency on N10 medium. Although the same levels of tissue damage in both treatments were not ensured, the increase in em bryogenesis between the "cotyledons damaged" and "axis removed" treatments of Table 13 implies that the embryonic axis may suppress embryogenesis from coty ledon tissues. The observation that in the ?rst experi ment normal embryo frequency was highest in "whole embryo" cultures (Table 13) , while in the second exper iment normal embryo frequency increased with the level of tissue damage (Table 14) is dif?cult to interpret. (1985) , supra, U. B. Barwale, et al. (1986) , supra). One study reports embryogenesis from both whole embryos and isolated cotyledons (J. P. Ranch, et al. (1985) , su pra), but comparative data were not presented. lAll data presented on a "per embryo" basis.
ZTwo cuts, 5 of cotyledon length, through both cotyledons. 3Pair of isolated cotyledons plated.
'Bisected perpendicular to long axis, all parts plated. 
